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EXECUTIVE SUMMARY
Carbon-14 is among the key radionuclides driving risk at the E-Area Low-Level Waste Disposal Facility on the Savannah River Site (SRS). Much of this calculated risk is believed to be the result of having to make conservative assumptions in risk calculations because of the lack of sitespecific data. The original geochemical data package (Kaplan 2006) recommended that performance assessments and composite analyses for the SRS assume that 14 C did not sorbed to sediments or cementitious materials, i.e., that C-14 K d value (solid:liquid concentration ratio) be set to 0 mL/g (Kaplan 2006 ). This recommendation was based primarily on the fact that no sitespecific experimental work was available and the assumption that the interaction of anionic 14 C (as CO 2 2-) with similarly charged sediments or cementitious materials would be minimal. When used in reactive transport equations, the 0 mL/g K d value results in 14 C not interacting with the solid phase and moving quickly through the porous media at the same rate as water. The objective of this study was to quantify and understand how aqueous 14 C, as dissolved carbonate, sorbs to and desorbs from SRS sediments and cementitious materials.
Laboratory studies measuring the sorption of 14 C, added as a carbonate, showed unequivocally that 14 C-carbonate K d values were not equal to 0 mL/g for any of the solid phases tested, but they required several months to come to steady state. After six months of contact, the apparent K d values for a clayey sediment was 3,000 mL/g, for a sandy sediment was 10 mL/g, for a 36-yearold concrete was 30,000 mL/g, and for a reducing grout was 40 mL/g. Furthermore, it was demonstrated that (ad)sorption rates were appreciably faster than desorption rates, indicating that a kinetic sorption model, as opposed to the steady-state K d model, may be a more accurate description of the 14 C-carbonate sorption process. A second study demonstrated that the 14 Ccarbonate sorbed very strongly onto the various materials and could not be desorbed by anion exchanged with high concentrations of carbonate or nitrate. High phosphate concentrations were able to desorb 14 C-carbonate from the 36-year-old concrete sample, but not the clayey sediment sample. Together these geochemistry studies support the use of non-zero K d values in risk calculations on the SRS.
For performance assessment (PA) calculations, 14 C would be moving with the groundwater, remaining in contact with sediment for days, not months. Therefore for purposes of SRS risk calculations, it is appropriate to select sorption values after a couple days of contact, departing from the traditional definition that states K d values reflect the system under steady state conditions. Such an "apparent K d value," would be expected to provide a better (and more conservative) estimate of what to expect under SRS PA conditions. Based on these results, recommended apparent K d values for use in the PA are 1 mL/g for sandy sediments and 30 mL/g for clayey sediments.
This document is a revision of a document issued on 12/09/2008 (Roberts and Kaplan 2008) . This revision includes recommended "apparent K d values" based on contact times of a couple days (as well as some editorial changes).
INTRODUCTION
Carbon-14 (t 1/2 = 5730 years) was produced at the Savannah River Site (SRS) from 1954 to 1989 by the 17 O (n, α) 14 C reaction. Areas on the SRS at which 14 C was found are the Old Burial Ground (OBG), the Mixed Waste Management Facility (MWMF), and the E-Area Low-level Radioactive Waste Disposal Facility (LLRWDF). Estimates of the total 14 C released or placed in the ground as low-level waste are as much as 6600 Ci (McIntyre, 1988; Hiergesell et al., 2008) .
Given the large quantity of 14 C at the SRS, it is important to develop an accurate conceptual biogeochemical model as well as to quantify the important processes influencing 14 C fate and transport in the environment. A majority of the 14 C in the LLRWDF is believed to be associated with resins, existing as loose entities or contained within stainless steel containment vessels (from the K-and L-Disassembly Basin Facility), used to maintain low dissolved salts and radionuclide concentrations in spent fuel basin waters.
Carbonate chemistry is complex because under field conditions it can exist as a solid, liquid, and/or gas and its speciation is highly pH dependent. Figure 1 shows carbon speciation as a function of pH where H 2 CO 3 0 and HCO 3 -dominate under most groundwater pH conditions, and CO 3 2-is the primary species only under very alkaline conditions, pH values >10, such as cementitious environments. It is anticipated that there will be negligible amounts of 14 C existing as organic moieties in the aqueous phase of the low-level waste environment because much of the 14 C originates from inorganic carbonate adsorbed to anion exchange resins from the K and L Disassembly Basin Facility and there is relatively little organic carbon, such as fulvic and humic acids, in the SRS subsurface groundwater. Currently, SRS models use an equilibrium isotherm based K d (sediment-water partitioning coefficient) value of 0 mL/g indicating that there is no sorption of or interaction between 14 C and subsurface soils (Kaplan 2006) . Here local sorption and desorption rates are assumed to be infinite thus resulting in local phasic equilibrium at all time scales. This is a conservative approach and one that is used because studies using site-specific materials have not been undertaken to measure more accurate values. This low K d value is based on the assumption that 14 C exists as a carbonate, thereby possessing a negative charge and being repulsed from SRS sediments and cementitious materials, which also have negative charges. Chemical behavior of 14 C would depend greatly on the disposal location and the geochemistry of its immediate surroundings, i.e., background sediment, stainless steel, and cementitious materials. In turn, these varying background materials would influence the pH and thus the dominant carbonate species.
Much is known about carbonate chemistry in alkaline environments, but much less is known about it under slightly acidic conditions, as exist in natural SRS sediments (Reeder 1983 ). This is due to carbonate minerals existing only in alkaline conditions. The sorptive behavior of 14 C, primarily via adsorption, is generally of much less widespread interest than understanding natural stable 12 C-carbonates. McIntyre (1988) measured 14 C, as a carbonate, transient K d values on SRS sediment of 2 mL/g after 7 hours and 55 mL/g after 72 hours. Table 1 is a compilation of 14 C sorption data for different solids by Allard et al. (1981) . The large K d values after 1 week for the concrete and cement paste likely represent sorption via coprecipitation as a solid carbonate phase. The process of desorption of 14 C is also of interest because a hysteresis effect is commonly reported for radionuclides that sorb via precipitation or coprecipitation (Krupka et al. 1999) . Hysteresis is the process when (ad)sorption and desorption rates of solutes to solids are markedly different. The K d construct assumes (ad)sorption and desorption rates are identical and large. There are many examples in the literature of when desorption is slower than (ad)sorption rates, especially when precipitation or coprecipitation of the solute has occurred. Kaplan and Coffey (2002) found that the desorption K d for 14 C from spent resin was 240 mL/g in acid-rain leachate (lower pH) and 140 mL/g in cement leachate (higher pH). This data suggests that not only is the solid phase important (in this case resin) but also the pH of the system in understanding K d values. 
MATERIALS AND METHODS
MATERIALS
Detailed experimental procedures are documented in Appendix A. Briefly, 1g of sediment or 0.1 g of cementitious material was combined with 10 mL of SRS groundwater (collected from near PAR Pond). Characterization of the two sediments is presented in Table 2 . There were two types of cementitious materials. One was an aged cementitious material recovered from the base pad of a non-rad tank located in P-Area of the SRS that was poured in 1972 and had been exposed to the natural elements since then. An internal portion of the core, a portion that was not in contact with the air or the underlying soil, was taken for use in this study. The sample was crushed, passed through a mill, and then the <1-mm fraction was used in this study. The second cementitious sample was a reducing grout, similar to those that may be used in tank closure. This sample was prepared by Christine Langton (SRNL), permitted to cure for 1 month, crushed, milled, and then passed through a 1-mm sieve. The <1-mm sieved fraction was used in these tests. Some properties of these materials are presented in Table 3 and the formulation of the reducing grout is presented in Table 4 .
METHODS FOR THE (AD)SORPTION EXPERIMENT
A 14 C-carbonate spike solution ( 14 C-carbonate as sodium carbonate in 0.001M NaOH) was added to create a suspension with a final specific activity of 0.0017 µCi/L 14 C. The resulting suspension was mixed by hand twice a day for 1.7, 19, and 24.6 hours, 4.8 and 13 days, and 6.3 months. The solids were separated from the liquids by passing the liquids through a 0.1-µm syringe filter and analyzed for 14 C concentrations by liquid scintillation counting. No acid preservative was added to the sample because of the anionic character of the 14 C-carbonate.
The K d value was calculated as follows:
where cpm represents counts per minute.
METHODS FOR THE DESORPTION EXPERIMENT
14
C desorption experiments were conducted with the clayey sediment and cementitious materials that had been equilibrated with 14 C-carbonate for four days. Approximately 8 mL of 0.1M solutions of NaNO 3 , Na 2 CO 3 , or Na 2 HPO 4 *7H 2 O were added to the solids in the centrifuge tubes. For two weeks these tubes were then mixed twice a day by shaking by hand. The solid and aqueous phases were then separated and the aqueous phase was passed through a 0.1-µm filter and analyzed for 14 C by liquid scintillation. 
RESULTS AND DISCUSSION OF GEOCHEMISTRY EXPERIMENTS
(AD)SORPTION EXPERIMENT
Sorption of 14 C-carbonate on SRS subsurface clay sediment increased from the initial (t = 0.07 d) to second contact time point (t = 0.8 d) (Figure 2 ). There was no statistical difference in 14 Ccarbonate sorption between the next four time points (t = 0.8 -13.1 d), but a substantial increase in sorption was measured between 13.1 days and 189.2 days (6.3 months), at which time nearly 95% sorption was measured.
14 C-carbonate sorption to the sand subsurface sediment (Figure 3 ) was more erratic between 0.07 to 13.1 days, but a significant increase was measured between 13.1 and 189.2 days, when 40% of the 14 C-carbonate was sorbed. The respective K d values for clay and sand at 189.2 days (6.3 months) were 372 mL/g and 8.64 mL/g. If these values are normalized by surface area (Table 2) , the resulting K d values are 24.3 mL/m 2 for clay and 3.6 mLl/m 2 for sand. Therefore the surface area correction reduced the difference between the K d values; clayey sediment had a weight-normalized K d value and a surface-area normalized K d value that was 43 and 7 times greater than that for the sandy sediment, respectively.
The sorption of 14 C-carbonate to 36-year-old concrete (Figure 4 ) increased during the first day and then remained constant for the ensuing two weeks. Between the 13.1 and 189.2 day measurements, nearly all the remaining 14 C-carbonate was sorbed. The trend of 14 C-carbonate sorption to the 36-year-old concrete was similar to that for the clayey sediment (Figure 2 ). 14 Ccarbonate sorption to the reducing grout ( Figure 5 ) followed a similar trend as observed with the 36-year-old concrete, with a significant increase in sorption measured between 13.1 and 6.3 months. However, only 25% of the added 14 C-carbonate sorbed to the reducing grout ( Figure 5 ), which was the lowest percentage for all of the solids tested here.
Solids concentrations for the cementitious solids were a factor of 10 lower than for sediments because it was anticipated the former would have greater sorption affinities for 14 C-carbonate. The reason for the lower sorption of the reducing grout is not known. The major difference between reducing grout and the 36-year-old concrete is the presence of a reducing agent, slag, in the former. It is not clear why slag would cause carbonate sorption to decrease, given that the two pH levels were nearly identical at pH 11 (Table 3 ). Yet, under our experimental conditions (i.e., not 1:1 water: solid as in Table 3 ), there was a significant difference in pH with values of 8-9 for cement and pH 5-6 for slag-containing cement. While the slag is not expected to reduce carbonate, perhaps the presence of the slag anions and cations influenced carbonate sorption. These results can also be presented in the form of K d values (Table 5 ). The data shows roughly the same trends as Figure 2 through Figure 5 though the propagated errors in the K d 's indicate less of a significance, especially in the first 5 data points (up to 13.1d). As stated above, the system was never demonstrated to have achieved complete steady state (This is demonstrated by measuring no change in aqueous 14 C concentrations (or K d values) for the last two or three contact durations), even after 6.3 months of equilibration. The K d values at 6.3 months may or may not be at equilibrium, a condition assumed for the K d construct, and as such, these values either represent or underestimate the true steady-state K d values. 
DESORPTION EXPERIMENT
In all but one of the six desorption experiments very little 14 C-carbonate was desorbed from the solid phase into solution (Figure 6 ). The one exception was the case of phosphate addition to the 36-year-old concrete. It should be noted that a much greater phosphate concentration was used in this study than is expected in the SRS subsurface. High anion concentrations were selected to provide insight into how strongly the 14 C-carbonate was retained by these various solid phases. The desorption experiment demonstrated that the 14 C-carbonate was sorbed strongly to the sediment and cementitious materials surfaces, even in the presence of extraordinarily high competing anion concentrations (except phosphate). The competition between phosphate and carbonate has been studied previously on mineral surfaces (Rahnemaie et. al., 2007) . Rahnemaie et. al., (2007) reported finding that phosphate outcompetes carbonate especially at higher pH values. The pH of the cement-water mixture was between 8 and 9, whereas the clay-water mixture was between pH 5 and 6. Thus, phosphate is likely outcompeting the carbonate only in the case of the cement where the pH is higher and the phosphate is known to sorb more strongly. Although the rates of desorption were not measured, it can be qualitatively seen from this work that desorption is appreciably slower than adsorption (Figure 2 through Figure 5 ). For the desorption experiments, the amount of competing anion sorbed by the clayey sediment and 36-year-old concrete is presented in Figure 7 . In the presence of the clayey sediment approximately 10% of the nitrate and carbonate were sorbed. In the presence of 36-year-old concrete, 10% of carbonate and 5% of nitrate was sorbed. Unexpectedly, the addition of phosphate resulted in the release of some phosphate from the solids, consequently a negative sorption of phosphate, i.e., desorption of phosphate, was measured. 
CONCLUSIONS
Sorption of 14 C-carbonate on four solid phases relevant to SRS performance assessments increased over a 189.2 day (6.3 month) period.
14 C-carbonate approached 95% sorption on clayey sediment and 36-year-old concrete samples during this 6.3 month period and appeared to have a lower sorption affinity for the sandy sediment (40%), and even lower sorption affinity for the reducing grout (25%). On all four substrates, the K d values at 6.3 months were clearly much greater than 0 mL/g, ranging from 8.6 mL/g for the sandy sediment to >2800 for the aged concrete. Though it is not clear from the data that sorption equilibrium was achieved, estimates for the apparent K d values after 6.3 months are as follows: 3000 mL/g for clayey sediments, 10 mL/g for sandy sediments, 30,000 mL/g for concrete and 40 mL/g for reducing grout. It was also demonstrated that sorption and desorption rates were different and that the 14 C-carbonate was strongly sorbed onto both clayey sediment and the 36-year-old concrete, indicating that a kinetic sorption model, as oppose to the steady-state K d model, may be a more accurate description of the 14 C-carbonate sorption process.
There are a number of assumptions that transport modelers are required to make in order to incorporate the convenient K d construct, including that the rate of adsorption is equal to the rate of desorption, sorption does not change as a function of radionuclide concentration, and the system is at steady state (equilibrium; i.e., that a radionuclide is in contact with soil sufficiently long to permit steady state chemical conditions to exist). Data from this study suggest that the last assumption is not appropriate for 14 C-carbonate geochemistry. Instead, as groundwater moves through the subsurface sediment (i.e., water pore velocities in the range of 0.5 to 1.0 ft/day are quite typical in SRS sandy sediments), 14 C's contact time, in the order of a day, is not sufficiently long to permit steady state to occur. Ideally a kinetic sorption model would be used, but given the limitations of the existing SRS PA models, an "apparent K d value" after 1 day contact time may be more appropriate than a K d value at steady state, >6.3 months. This would be an "apparent K d value" because it is not truly at steady state. Apparent K d values for sandy sediment would be 1 mL/g, and for clayey sediment, 30 mL/g. Figure 8 graphically compares these clayey and sandy apparent K d values versus the recommended values above. Early transient effects for sandy sediments appear to be quite small for sandy sediments; however, for clayey sediments a clear transient effect is present for the first day to 1.5 day time period. Pore velocities in clayey sediments will be much slower than in sandy sediments suggesting that the average value of 30 ml/g may be appropriate. To better define an apparent K d value for clayey sediments, as mentioned above, a transport analysis employing a local kinetic sorption model should be considered. 1. Measure 14 CO 3 2-sorption parameters, K d , on SRS site soils and cementitious materials for applicable to subsurface contaminant transport calculations. T here is very l ittle information in the literature on this subject as it relates to acidic soils, as exists at the SRS. 2. Determine the sorption kinetics of 14 CO 3 2-onto these surfaces to assure us that sorption is not kinetically hindered, compromising the application of the K d construct in reactive transport models. Literature indicates that there may be a significant kinetic component to CO 3 2-sorption to sediments. 3. Determine how strongly the sorbed 14 CO 3 2-is retained by these geo-sorbents. This will be accomplished by adding varying anions to systems where 14 CO 3 2-is sorbed. The competitive anions will have varying valences and ionic radii: NO 3 -(ionic radius = 165 x 10 -12 m), CO 3 2-(ionic radius = 164 x 10 -12 m), and PO 3 3-(ionic radius = 29 x 10 -12 m).
Materials:
1. SRS sandy subsurface sediment 2. SRS clayey subsurface sediment 3. Aged cementitious material (36-year old recovered from SRS structure) 4. Slag cementitious material 5.
14 CO 3 2-spike solution (as sodium carbonate in 0.001 M NaOH) (0.2 µCi/mL or 440,000 dpm/mL 6. uncontaminated SRS groundwater (Par Pond Groundwater) 7. 15ml centrifuge tubes 8. 10-mLdisposable syringes 9. 0.1µm or 0.45µm syringe filters 10. 25mm 0.45µm filters and disposable housings for subset (t=24h) only 11. sample bottles; filter holders 12. 100 mM NaNO 3 : Using a 100 mL volumetric flask, dissolve 0.85 g of NaNO 3 into ~80 mL of MilliQ water, then bring up to volume. 13. 100 mM Na 2 CO 3 : Using a 100 mL volumetric flask, dissolve 1.06 g of Na 2 CO 3 into ~80 mL of MilliQ water, then bring up to volume. 14. 100 mM NaH 2 PO 4 -H 2 O: Using a 100 mL volumetric flask, dissolve 1.38 g of NaH 2 PO 4 -H 2 O into ~80 mL of MilliQ water, then bring up to volume.
Methods: Sorption Tests (Objectives 1 & 2)
Equilibrating solids with groundwater. This experiment will have duplicate samples for each solid (sandy soil, clayey soil, cementitious material and slag cementitious material) and 6-repls for t=96hour, as noted on Table 1 . Do not label and tare tubes in Table 2 -you will simply relabel these and use the tare weights entered in 14. Add 1 g of clayey sediment to a tube labeled #401 and 0.1 g of cement to a tube labeled #402. Add 10mL groundwater. Shake vigorously. Pass through a 0.45µm filter. Place filters and solids into tared sample tubes (tubes you will submit to ADS) label #401 and #402. Add 10µL of 14 C spike solution to solid on filter. 15. Submit these six solid samples to Analytical Development section for liquid scintillation counting of 14 C. It may require that we submit these under separate Travel Copies because these are solid samples, compared to the rest of the samples being aqueous samples.
Desorption Experiments
16. Move tubes 309 -314 and 337 -342 into the same rack. Re-label them as shown in Table 2 . 17. Add 8 mL of appropriate NaNO 3 , Na 2 CO 3 , or Na 3 HPO 3 solution, as designated in Table 2 . Shake sample vigorously my hand for 5 seconds. Weigh and record weight in Table 2 . 18. Measure pH with litmus paper and record in Table 2. 19. Shake by hand 3X a day, at the beginning and end of the work day for one week. 20. Let solids settle to separate solids from liquids. 21. Carefully siphon supernatant from 15ml tube and pass through a 0.1µm syringe filter; collecting filtrate in sample bottle to be submitted to Analytical Development section for liquid scintillation counting of 14 C and for ion chromatography analysis for nitrate, carbonate, and phosphate analysis. 
